Pure rotational transitions of hydrogen sulfide (H 2 S) in its ground and first excited vibrational states have been recorded at room temperature. The spectrum comprises an average of 1020 scans at 0.005 cm −1 resolution recorded in the region 45 to 360 cm −1 (1.4 to 10.5 THz) with a globar continuum source using a Fourier transform spectrometer located at the AILES beamline of the SOLEIL synchrotron. 
H 2 S molecule and its isotopologues (H 2 33 S and H 2 34 S) in its fundamental, hot, and combination vibrational bands covering the spectrum range up to 16500 cm −1 . The most important for this work are the transitions in the fundamental bending mode (ν 2 ) [26] [27] [28] [29] . Among these studies, Ulenikov et al. [29] reported the most accurate experimental upper state energy levels in ν 2 band for H 2 32 S, H 2 33 S, and H 2 34 S.
In this work we present new experimental measurements of the spectrum of hydrogen sulfide in the region 1.4 -10.5 THz (45 -360 cm −1 ). This work is a byproduct of our work in order to produce a complete hot line list of H 2 S [30] . The following section gives experimental details.
Section 3 presents the analysis of our new frequencies. In Section 4 a comprehensive comparison with the previous measurements is presented.
Experiments
The Fourier transform FIR absorption spectrum of gas phase H 2 S in natural abundance was recorded using a globar source available on the Bruker IFS125 interferometer of the AILES beamline at the SOLEIL synchrotron [31] . A resolution of 0.005 cm −1 was used to record the spectrum in the spectral range 45 -360 cm −1 . A pressure of 0.16 mbar of H 2 S was injected in a room-temperature White-type cell aligned for an optical path length of 150 m. The interferometer was pumped to a pressure below 10 −4 mbar using a turbomolecular pump; two polypropylene windows were used to separate the interferometer from the absorption cell. The resulting spectrum is the coaddition of 1020 scans (about 12 hours of acquisition time). Spectral calibration was performed using the residual water transitions and the accurate transition frequencies of Refs. [32] and [33] . A calibration curve was prepared to facilitate correction of the recorded frequencies for H 2 S. Figure 3 shows the dispersion of the water transitions before and after the calibration. obtained from the blackbody radiator: the low intensity of the light leads to a limited signalto-noise ratio which fast decreases below 50 cm −1 as seen in Figure 1 . Examples of rge line detections with different intensities in the different regions of the spectrum are given in the same figure.
The absorption spectrum was analysed manually by matching lines with the available data in the HITRAN database [21] and the CDMS database [23, 24] state v 2 = 1 of H 2 32 S were initially assigned using a variational line list calculated using the DVR3D variational nuclear motion program [34] . This line list will be published elsewhere [30] .
Experimental upper energy levels belong to ν 2 band given by Ulenikov et al. [29] Pickett's program CALPGM [35] was used to fit the observed spectra for each of the four isotopologues in both states of this molecule studied in this work. [29] were used in order to correct the intensity produced by the CALPGM program as given by:
where a is the isotopologue abundance, E BO is the band origin in cm −1 , c 2 is the second radiation 7 constant and T is the temperature in K.
The constants obtained from the fits are presented in Tables 3 and 4 
Results and Discussion
In this work, more than 2400 lines are recorded for the four isotopologues of H 2 S in the ground vibrational state, and for H 2 32 S and H 2 34 S in the first excited bending state. work, results will be detailed.
Available data
The line positions of the rotational band spectrum collected in HITRAN were originally obtained by Flaud et al. [18] in 1983, who recorded a hydrogen sulfide spectrum between 50
and 310 cm −1 with a Fourier transform spectrometer at a resolution of 0.005 cm −1 . In this experiment the three isotopic species H 2 32 S, H 2 33 S, H 2 34 S were observed in natural abundance.
Flaud et al. [18] have measured 631 lines in this region and combined them with 42 previously published microwave transitions in a least squares fit. Rotational constants for each isotopologue were calculated using the A-I r representation of the Watson Hamiltonian. These constants were used to predict the positions of the absorption of the natural abundance hydrogen sulfide in the FIR region and intensities using µ = 0.974 D for the permanent dipole moment [10] .
In 1994 Yamada and Klee [19] recorded a pure rotational spectrum for H 2 32 S in the FIR region using a Fourier transform infrared spectrometer. They detected more than 370 transitions in the region 30 to 260 cm −1 with a resolution of 0.0017 cm −1 . These lines were combined with Calculated from experimental energy levels given by Ulenikov et al. [29] . Yamada and Klee's measurements [19] were subsequently combined with the measurements by Helminger et al. [13] , Belov et al. [15] , Helminger et al. [39] to predict the H 2 32 S pure rotational lines which are in the JPL catalog [22] for J up to 21 using µ = 0.974 D [10] . The data published in CDMS catalog was predicted for H 2 32 S up to J = 25, H 2 33 S up to J = 22, and H 2 34 S up to J = 24 using the measurements from Refs. [11-13, 15, 18, 19] and µ = 0.9783 D [37] .
The most accurate study of lines positions in the ν 2 band of H 2 S was performed by Ulenikov et al. [29] . In this work, lines were assigned to H [35] standard deviation of 9.96 × 10 −2 cm −1 . For H 2 34 S, 126 energy levels with J ≤ 14 and K a ≤ 10
were obtained, 80 of them up to J ≤ 12 and K a ≤ 7 were used to fit the constants for the v 2 = 1 vibrational state of this isotopologue. Ulenikov et al. [29] used the ground state energies for the three isotopologues from Ref. [18] .
Rotational transitions in the ground vibrational state
As can be seen from lines from the same spectral region were reported by Flaud et al. [18] . Our spectrum contains lines with J up to 26 and K a up to 17, which also significantly extends the coverage of the energy levels probed, see Table1. This table also shows standard deviations between our measured line positions and the previously measured line positions. Our analysis suggests that while we get very good agreement with the previous measurements, there are problems with the predicted line positions tabulated in the databases, see Table 2 . Figure 4 illustrates some of these errors in the prediction of the lines positions in the HITRAN and CDMS databases; Table 6 summarises these problems. Figures 5 and 6 give general idea about the accuracy of the line positions available in these databases and that from our fit.
Rotational transitions of the H 2 36 S isotopologue in its ground vibrational state are detected in this work up to J = 15 and K a = 11. Over 50 lines were identified and assigned manually by extrapolation method mentioned above. As a result, 91 lines were assigned as H 2 36 S lines with a root mean square error of 0.00051 cm −1 .
Saleck et al. [16] published three recorded microwave lines as H 2 36 S rotational transitions.
From these lines, only the transitions 2 0,2 − 1 1,1 line at 686766.635 MHz. could be added to our fit without destroying it. These three transitions are listed in Table 5 and compared to the predicted line positions resulting from our fit. All of these lines belong to the energy levels 12 2,11 and 12 1, 11 , and all the calculated transitions involving these energy levels showed the same problem. We suspect this is a typographical problem in the corresponding table of Ref. [29] . However these transitions were excluded from the fit and these lines are tabulated in the supplementary material. Our spectrum contains 104 transitions that cannot be calculated from Ulenikov et al.'s experimental energy levels. These new recorded transitions have quantum numbers up to J = 22 and K a = 13. Figure 7 shows the accuracy of the fit performed in this work for H 2 32 S rotational spectrum in the v 2 =1 state as well as the calculated rotational transitions using the experimental energy levels of Ulenikov et al. [29] and the variationally calculated line list. For H 34 2 S, 240 rotational transitions up to J = 12 and K a = 7 were calculated using the 80 experimental energy levels published by Ulenikov et al. [29] . 177 lines of these calculated transitions are in the region 45 -360 cm −1 . 42 lines could be assigned in our spectrum using these calculated transitions for J ≤ 10 and K a ≤ 6. After fitting the effective Hamiltonian's constants, 44 extra lines were assigned up to J = 14 and K a = 10. Figure 7 shows the accuracy of the fit for H 2 34 S rotational spectrum in the v 2 = 1 state and the calculated rotational transitions using the experimental energy levels of Ulenikov et al. [29] . Figure 2 shows a portion of the assigned spectrum which includes transitions for the four isotopologues of H 2 S with the same quantum numbers and some pure rotational v 2 = 1 transitions of H 2 32 S and H 2 34 S. [21] , JPL [22] and variational calculations [30] . Note the magnified scale for our fit and CDMS.
Conclusions
More than 1300 new lines in the pure rotational band of the absorption spectrum for H 
